The purpose of this study was to investigate the relationship between biomechanical variables and running economy in North African and European runners. Eight North African and 13 European male runners of the same athletic level ran 4-minute stages on a treadmill at varying set velocities. During the test, biomechanical variables such as ground contact time, swing time, stride length, stride frequency, stride angle and the different sub-phases of ground contact were recorded using an optical measurement system. Additionally, oxygen uptake was measured to calculate running economy. The European runners were more economical than the North African runners at 19.5 km · h -1
INTRODUCTION
To explain their success, the ability to maintain a relatively high maximal aerobic velocity during running, together with advantageous psychological conditioning, has been hypothesized [19] . However, it seems that their outstanding performance on the track at international athletic events is not linked to metabolic differences. A few researchers have described the factors contributing to running performance in North African runners [3, 19] ; however, these researchers failed to examine running biomechanics in these athletes.
During running, various biomechanical factors contribute to performance by influencing running economy [24] . Longer ground con- . Running economy at 19.5 km · h -1 was negatively correlated with swing time (r=-0.53) and stride angle (r=-0.52), whereas it was positively correlated with ground contact time (r=0.53). Within the constraints of extrapolating these findings, the less efficient running economy in North African runners may imply that their outstanding performance at international athletic events appears not to be linked to running efficiency. Further, the differences in metabolic demand seem to be associated with differing biomechanical characteristics during ground contact, including longer contact times.
KEY WORDS: athletes, biomechanics, stride angle, ethnicity, running efficiency, endurance tact times are correlated with higher · VO 2 [17, 22] , whereas small vertical oscillation [25] , longer strides, smaller changes in velocity during ground contact and lower peak ground reaction forces [1] have been related to economical runners. North African runners may exhibit running gait that positively contributes to their superior performance.
To date, the influence of biomechanical variables on running economy in runners originating from North Africa remains unclear.
Thus, this study aimed to determine whether biomechanical characteristics such as ground contact time, swing time, stride length and frequency, stride angle and the distribution of the different subphases during ground contact might be instrumental in the exceptional North African running performance. 29.9 ± 6.5 years for the North Africans and 27.9 ± 6.4 years for the Europeans. Performance in their primary distance was rated according to the scoring procedures of the International Association of Athletics Federations (IAAF score) [23] . The two groups were of the same performance standard with no significant difference in mean current IAAF scores in their primary distance or in their best recent 10-km record (North Africans 937 ± 53 points and 31.2 ± 1.1 min; Europeans 960 ± 58 points and 31.7 ± 1.4 min).
MATERIALS AND METHODS

Subjects
Before participation, subjects underwent a medical examination to ensure that they were free of cardiovascular, musculoskeletal and metabolic disease. The Ethics Committee for Research on Human subjects of the University of the Basque Country (CEISH/GIEB) approved this study, which was performed in accordance with the principles of the Declaration of Helsinki (October 2008, Seoul).
All athletes were informed about all the tests and possible risks involved and provided written informed consent before testing.
All participants were seasoned competitors and they were tested between May and June 2012, i.e., whilst they were in their peak condition for target competitions of the summer season. Athletes were excluded if they were not currently competing in races or if they possessed an IAAF score lower than 850 points in their primary distance.
24 hours prior to testing, athletes were encouraged to abstain from a hard training session and competition in order to be well rested for the tests. They were also requested to maintain their precompetition diets throughout the test procedures and to refrain from alcohol and caffeine ingestion for at least 24 hours before testing.
All athletes had previous experience with treadmill running, including a thorough familiarization session with the treadmill used for the study.
Anthropometry
Height (cm) and body mass (kg) were determined by the use of a precision stadiometer and balance (Seca, Bonn, Germany) wearing only running shorts. Body mass index (BMI) was determined. Eight skinfold sites (biceps, triceps, subscapular, supraspinale, abdominal, suprailiac, mid-thigh, and medial calf) were measured in duplicate with skinfold calipers (Holtain, Crymych, UK) by the same researcher to the nearest millimetre and the sum of skinfolds was calculated.
Treadmill velocity test
All participants completed a maximal incremental running test at 1% slope on a treadmill (ERGelek EG2, Vitoria-Gasteiz, Spain), which started at 9 km · h -1 without previous warm up. During the test, respiratory variables were continuously measured using a gas analyser system (Ergocard, Medisoft, Sorinnes, Belgium) calibrated before each session. Volume calibration was performed at different flow rates with a 3 L calibration syringe (Medisoft, Sorinnes, Belgium) allowing an error ≤ 2%, and gas calibration was performed automatically by the system using both ambient and reference gases (CO 2 -4.10%; O 2 -15.92%) (Linde Gas, Germany). Ergocard gas analyser ranged from 1.0 to 3.4%.
To reduce the influence of body mass, · VO 2 was normalized using allometric scaling and expressed as ml · kg 0.75 · min -1 [8] . Moreover, running economy (RE) was determined as steady-state
) [7] . Heart rate (HR) was recorded continuously by a heart rate monitor (Polar RS800, Kempele, Finland) and rating of perceived exertion (RPE) was assessed immediately after each exercise stage using the 10-point Borg scale [2] .
Athletes were considered to have attained their maximal ability, and therefore reached their (Figure 2a. ). However, no differences were found in stride length, stride frequency, t sw or stride angle between groups at any velocity (Figure 2b , 2c, 2d and 2e, respectively 
TABLE 1. SUBJECT CHARACTERISTICS AND MAXIMAL TEST RESULTS OF THE NORTH AFRICAN (N=8) AND EUROPEAN RUNNERS (N=13)
North
FIG. 2. STRIDE LENGTH (A.), STRIDE FREQUENCY (B.), CONTACT TIME (TC) (C.), SWING TIME (TSW) (D.) AND STRIDE ANGLE (E.) AT DIFFERENT SET VELOCITIES IN THE NORTH AFRICAN (N=8) AND EUROPEAN RUNNERS (N=13)
Note: *Significantly different from North African runners (P<0.05) Differences in ground contact time explain the less efficient running economy in north african runners
DISCUSSION
The major finding of this study was that there were significant physiological and biomechanical differences that discriminated between the North African and European runners at different sub- African Black and Caucasian runners [4, 6, 11] , whereas a better RE was reported in Kenyan [20] and Eritrean runners [13] at training and racing pace for competitions of 10-12 km when compared to their European counterparts.
In this study, when · VO 2 was normalized to body mass 0.75 , the differences persisted between both groups, indicating that other factors may largely contribute to differences in RE in both groups of runners and are not solely a result of anthropometric variables. It is known that the economy of movement and running performance are greatly influenced by the size of the athlete [15, 22] . Thus, our findings may be representative of intrinsic differences between both groups of athletes as significant anthropometric differences were absent.
A number of biomechanical factors have been found to influence RE [22] . It has been reported that particular biomechanical patterns characterized by longer stride lengths are associated with economical runners [1] . We did not find differences in the stride length or stride frequency at any velocity, as this would be expected for anthropometrically similar athletes. Additionally, these biomechanical features were not related to RE at 19.5 km · h -1 in this study, whereas both t sw and stride angle were significantly associated with RE at this velocity. Stride angle comprises stride length and the maximum height the foot reaches during the swing phase. Greater stride angles imply a longer t sw with greater hip, knee and ankle flexion and shorter t c (characterized by effective energy transfer during the propulsive sub-phase). It appears that t sw and stride angle may be an effective discriminator of efficient gait patterns during running in competitive well-trained athletes. However, there were no differences in t sw and stride angle between North African and European runners. Therefore, the observed more efficient running pattern in European runners in this study may be closely related to ground contact variables.
The European runners had shorter t c than the North African runners at increased velocities. This finding agrees with previous studies [17, 25] and confirms that efficient runners are characterized by lower t c . It has been found that t c and peak medial force are correlated with sub-maximal · VO 2 and that smaller antero-posterior and vertical forces in the vertical component of the ground contact are associated with economical runners [25] . Thus, the forces experienced during ground contact of the gait cycle will greatly determine the metabolic demand [22] . This is illustrated in this study as a positive correlation was found between t c and RE. Other authors have similar findings with studies investigating trained and untrained runners [10, 17, 25] . These data further suggest that t c may be a discriminator between economical and less economical runners regardless of gender, athletic ability or ethnic origin.
Interestingly, the percentage of the gait cycle at which the propulsion sub-phase of the stance phase occurred was higher in
North African runners when compared to the European runners.
During the propulsive sub-phase force is applied from the lower limbs to the ground to obtain forward horizontal displacement during running and has been suggested to be related to RE [22] .
Although there is no formula for the most economical running form, several studies investigating the biomechanics of running gait have 
REFERENCES
proposed that gait pattern may be related to the energy cost of running [18] . It has been observed that the percentage of the gait cycle at which toe off occurs depends not only on the velocity, but also on the level of the athlete [16] . Thus, it has been observed that world-class runners toe off earlier than runners of lower athletic ability [14] , suggesting that an earlier propulsion sub-phase during the gait cycle is a desirable running feature. The North African runners in this study exhibited a later propulsive sub-phase, which in combination with longer t c may contribute towards a less efficient RE. However, the absence of a significant correlation between the propulsive sub-phase and RE at 19.5 km · h -1 implies that t c may be the major discriminator between North African and European runners in this study with regard to differences in metabolic demand during running.
A previous study has reported that factors such as greater aerobic ability and stronger psychophysiological conditioning may enable
North African runners to outperform their European counterparts on the track [19] . In this regard, a moderate effect size (ES=0.85) was found between the groups despite the absence of a significant dif- 
CONCLUSIONS
In conclusion, the less efficient RE at velocity eliciting 10-km race pace in North African runners implies that their outstanding performance on the track at international athletic events appears not to be linked to running efficiency. The differences in metabolic demand at increased velocity were found to be associated with differing biomechanical running patterns. European runners presented shorter t c and an earlier propulsive sub-phase than North
African runners at different set velocities. Assuming one could extrapolate these findings, the significant correlations between t c and RE at 19 km · h -1 , together with the differences found in t c between the two groups, may imply that ground contact characteristics are the major discriminator between RE in North African and European runners.
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